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BioassayProton-coupled oligopeptide transporters (POTs) are secondary active transporters that facilitate di-
and tripeptide uptake by coupling it to an inward directed proton electrochemical gradient. Here
the substrate speciﬁcities of Escherichia coli POTs YdgR, YhiP and YjdL were investigated by means
of a label free transport assay using the hydrophilic pH sensitive dye pyranine and POT overexpress-
ing E. coli cells. The results conﬁrm and extend the functional knowledge on E. coli POTs. In contrast
to previous assumptions, alanine and trialanine appears to be substrates of YjdL, albeit poor
compared to dipeptides. Similarly tetraalanine apparently is a substrate of both YdgR and YhiP.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The Escherichia coli genome contains four genes, ydgR, yhiP, yjdL
and ybgH, that encode proton coupled di- and tripeptide transport-
ers (POTs). A prototypical POT utilizes the secondary energy con-
tained within the proton electrochemical gradient to accumulate
di- or tripeptides inside the cell [1]. The POTs belong to a subfamily
of the functionally vast Major Facilitator Superfamily (MFS) [1,2] of
which the extensively studied lactose permease from E. coli is a
member. The POT crystal structures depict a fold consisting of 12
helices arranged in two 6-helix bundles common to other MFS
members in addition to two extra helices only observed in the
POTs [1,3–5]. An inter-domain cavity has been shown to harbor
the substrate-binding site as observed in other MFS transporters
[1,6,7]. Several activity and/or speciﬁcity altering mutagenesis
studies on bacterial as well as eukaryotic POTs [8,9,4,10] support
that the inter-domain cavity harbors the active site. In particular,
the human POT hPepT1 has served as a functional reference point
within the family due to the large amount of functional data that
has been accumulated from hPepT1 studies during the last10–15 years [10]. Among the E. coli POTs, YdgR and YhiP exhibit
a prototypical substrate preference [11,12] whereas YjdL and YbgH
have preferences that can be described as unusual, most promi-
nently the apparent lack of afﬁnity for tripeptides and the
preference for a lysine residue in the C-terminal position of a
dipeptide [13,14]. These ligand speciﬁcities have been based on
IC50 values of a given peptide competitor and therefore do not
show whether the tested competing dipeptide is an actual
substrate or an inhibitor.
Here, we have developed an assay to measure the uptake of oli-
gopeptides indirectly, by following the alkalization, as a result of
proton translocation, of a bacterial suspension overexpressing
YdgR, YhiP, YjdL and YbgH, respectively. These results conﬁrm
and extend functional knowledge on E. coli POTs. Accordingly it
appears that alanine and trialanine could to be substrates of YjdL
and tetraalanine be a substrate of YdgR and YhiP, in contrast to
what is suggested by competition based expression.2. Materials and methods
The expression constructs for YjdL and YdgR used in this study
have been described previously [13,9]. For construction of expres-
sion vectors for YbgH and YhiP (pTTQ18-ybgH and pTTQ18-yhiP),
coding regions of YbgH or YhiP genes were ampliﬁed from the
B.K. Prabhala et al. / FEBS Letters 588 (2014) 560–565 561E. coli MG1655 genomic DNA using a ‘touchdown’ PCR [15] and
gene speciﬁc primers. A 50 EcoRI, and 30 HindIII restriction sites
and 30 oligonucleotides encoding His6 puriﬁcation tag were
installed in the respective genes. The PCR product, digested with
EcoRI/HindIII was then inserted into the corresponding sites of
the expression vector pTTQ18 [16] to generate the expression
constructs. Both constructs were veriﬁed by DNA sequencing.
Genetic manipulation was carried out in the E. coli strain
TOP10 (Invitrogen). The expression construct of YjdL-Asp392Ser
has been described earlier [9].
2.1. Expression
A single colony of E. coli BL21(DE3)pLysS cells containing the
plasmids pTTQ18- (yjdL/ydgR/ybgH/yhiP/yjdL-Asp392Ser) or empty
pTTQ18 was inoculated in 3 mL LB media containing 100 lg/mL
ampicillin and 34 lg/mL chloramphenicol and allowed to grow
overnight. Overnight cultures were transferred to 10 mL LB media
with the sameamount of antibiotics using a dilution of 1:50. The cells
were allowed to grow until OD600 of 0.6–0.8 before induction with
1 mM IPTG. The cells were harvested 3 h after induction with IPTG.
2.2. Western blots
Western blots were performed essentially as previously
described [9]. Brieﬂy, pellets from 0.5 mL cell suspension
(OD600 = 10) were resuspended in lysis buffer containing 50 mM
Tris–HCl pH 7.5, 150 mM NaCl, 1% Triton X-100 and one Complete
Protease Inhibitor Cocktail tablet (Roche)/10 mL buffer. Samples
were incubated 30 min on ice, and then sonicated for 30 s followed
by centrifugation (12600g, 15 min, 4 C). The cleared lysates,
which contain the solubilized membranes, were separated by
SDS–PAGE and subsequently blotted onto a PVDF-membrane using
an XCell II module (Invitrogen). Immunodetection was performed
using mouse anti-His6 and HRP-conjugated rabbit anti-mouse anti-
bodies (IBA, 1:1000 dilutions) followed by Supersignal West Pico
chemiluminescent substrate (Pierce). Signals were detected using a
MicroChemi imaging system.
2.3. Uptake assay
The cells were pelleted and washed at least thrice with unbuf-
fered ‘‘Krebs’’-solution containing 140 mM NaCl, 5.4 mM KCl,
1.8 mM CaCl2, 0.8 mMMgSO4, 5 mM glucose and 0.3 mM pyranine,
and resuspended to an OD600 of 10. The pH of the cell suspension
was carefully adjusted to 6.5 in a 3 neck round bottom ﬂask. Simul-
taneously nitrogen was bubbled through the cell suspension for
5 min and 30 mL liquid parafﬁn was added above the cell suspen-
sion to avoid changes in pH as a result of carbon dioxide dissolu-
tion in the cell suspension. An assay volume of 100 lL (50:50
mixture of cell suspension and ligand solution) was employed.
The wells of the assay plate were preﬁlled with a volume of
50 lL of 20 mM ligand solutions made in Krebs-solution without
pyranine and adjusted to a pH of 6.5. The cell suspension was
transferred directly to the assay plates and ﬂuorescence measure-
ments (using a Saﬁre 2 ﬂuorimeter at an excitation wavelength of
455 nm and emission wavelength of 509 nm) were initiated. Con-
trol experiments were performed using empty pTTQ18 trans-
formed in E. coli cells under the same conditions. All experiments
were performed at room temperature for a period of maximum
30 min. All reagents used were analytical grade and all peptides
and pyranine were bought from Sigma–Aldrich and Bachem. The
pH dependent ﬂuorescence change standard curve was obtained
by adjusting the pH of the Krebs solution to values ranging from
2.5–8.0. A pyranine stock was made which was used for all
experiments reported in the paper.All assay measurements were performed independently at least
three times; data analysis was performed using GraphPad Prism
ver. 6.
3. Results and discussion
POTs have a very large potential substrate space covering vir-
tually all types of di- and tripeptides as well as a large number of
non-peptide molecules mimicking functional groups of peptides
[10]. A thorough study of such transporters requires assays that
are able to accommodate unlabeled substrate candidates. Such
assays are available for eukaryotic transporters e.g. for the mam-
malian POTs, which can be expressed readily in Xenopus oocytes
and subjected to electrophysiological studies [17]. However, to
date there are no such assays available for bacterial POTs, and
functional expression in Xenopus oocytes has not been possible
(personal communication Morten Nørholm, Technical University
of Denmark). In order to investigate the actual substrate speciﬁc-
ity of E. coli POTs further, we sought to develop a label free cell-
based assay, by following the external pH changes induced by
proton:peptide symport.
3.1. Establishment of a pH sensitive POT assay
Pyranine is a cell impermeable ﬂuorescent dye that is extre-
mely sensitive to pH changes within a certain range. The initial
objective of the current study was to evaluate whether peptide
addition to a suspension of dissolved pyranine and POT produc-
ing E. coli cells, would lead to changes in pyranine ﬂuorescence,
that would be expected as a result of a peptide:proton symport,
thereby establishing an indirect assay to measure peptide trans-
location mediated by POTs. Importantly, this assay would enable
measurements of the essential second substrate of POTs, namely
the proton. To our knowledge, prior to the presented study only
a single E. coli whole cell assay based on an external ﬂuorescent
dye has been reported [18]. To determine the linear range of
ﬂuorescence change in the assay conditions used here, ﬂuores-
cence intensity as function of pH was plotted and a standard
curve was obtained (Fig. 1A). The pH of the cell suspension
was adjusted to 6.5, which is in range of the apparent pH opti-
mum of the transporters [8]. This pH value corresponds to
approximately 26000 AFU (Fig. 1A). However the actual data col-
lection starts in the pH range of 6.3–6.4 (approx. 21000–23500
AFU, Fig. 1A). Only data within the linear range (from 5000 to
32000 AFU, Fig. 1A) were used in the analyses. To test whether
pyranine would interfere with peptide uptake, b-Ala-Lys-AMCA
uptake by YjdL in the presence of pyranine was performed and
no inﬂuence was observed (Fig. 1B). Cells harboring the pTTQ18
vector without a POT insert were used as a control and moni-
tored ﬂuorescence changes with all tested compounds during
the assay period (up to 300 s). It was observed that for cells
transformed with empty vector, the decrease in ﬂuorescence to
some extent depended on the substrates added, which were in
some cases different from the decrease of buffer alone (Figs. 2
and 3). This may be due to the differences in buffer capacities
of the substrate compound. Due to this, it was decided that to as-
sess whether a particular compound is a substrate, the ﬂuores-
cence changes of POT expressing cells would be compared to
empty vector cells, both induced by the addition of the same
compound. As expected, addition of the dipeptide Ala-Lys to YjdL
expressing cells resulted in a signiﬁcant rise in pH as compared
to the empty vector (Fig. 1C). The rise was found to be in line
with the expression levels (Fig. 1C).
Over-expression of YjdL and YdgR using the pTTQ18 vector has
been reported previously [13,9]. Over-expression of YhiP was
achieved similarly through induction with IPTG (Fig. 2 insert);
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Fig. 1. (A) Fluorescence of pyranine as a function of pH. Dotted lines indicate linear
range. (B) b-Ala-Lys-AMCA uptake and inhibition by Ala-Lys for YjdL in the absence
or presence of pyranine. Cells were incubated with uptake buffer (Supplementary
materials and methods) containing 0.5 mM b-Ala-Lys-AMCA, 0.3 mM pyranine and
10 mM ligand at 37 C for 5 min. Error bars indicate SEM (n = 3). (C) Fluorescence
change of pyranine upon addition of Ala-Lys to YjdL overexpressing cells induced
with IPTG for different time periods (closed circles (0.5 h), closed squares (2 h) and
closed triangle pointing upwards (3 h) for YjdL and open triangle pointing
downwards for empty vector). Error bars indicate SEM (n = 3). Insert showing
representative Western blots of YjdL after IPTG induction for 0.5, 2 and 3 h.
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which instead showed good levels of expression by autoinduction
(data not shown).
3.2. Tetraalanine appears to be a substrate for YdgR and YhiP
YdgR and YhiP transport dipeptides [11,12], and although it is
assumed to occur, to our knowledge tripeptide transport has never
been reported for these two transporters. In the present study,
assay results show that dialanine and trialanine are substrates
for YdgR and YhiP, as the proﬁles of dialanine and trialanine
are signiﬁcantly different from the background while alanine
followed background, conﬁrming our previous knowledge on POTs
(Fig. 2B–D).
Previous competition studies showed that tetraalanine and
alanine are not ligands for YdgR and YhiP as they were unable
to compete with the reporter substrate [11,12]. Interestingly
however, tetraalanine appeared to induce signiﬁcant alkaliza-
tion (Fig. 2E) suggesting that tetrapeptides may be substrates
of YdgR and YhiP. To investigate whether pyranine interferes
with uptake or causes changes in peptide length speciﬁcity,
b-Ala-Lys-AMCA uptake inhibition by alanine, dialanine,trialanine, and tetraalanine in cells expressing YdgR were per-
formed (Fig. 2A). These results were in accordance with previ-
ously published IC50 values [11] and show that pyranine does
not interfere with the peptide speciﬁcity in an inhibition assay,
but also that tetraalanine is not a dipeptide competitor; how-
ever, it is a measurable substrate when no competition from
another molecule is occurring.
The observations presented here show that tetrapeptides, possi-
bly only those with the low molecular weight, could be considered
substrates of prototypical POTs, and that ligand IC50 values cannot
always be used to predict actual transport. Indeed previous results
showed that tetraglycine is a substrate of hPepT1 [17] and tetraala-
nine a substrate of a Caenorhabditis elegans POT [19].
3.3. Ala and trialanine appear to be YjdL substrates
Previously YjdL has been characterized as an unusual POT due
to its preference for dipeptides over tripeptides [13]. The dipep-
tide transporting ability of YjdL was conﬁrmed by the pyranine
assay (Fig. 2C). However, it was somewhat surprising to observe
that even though previously determined IC50 values suggested
the contrary [13,9], trialanine was found to be a substrate as well
(Fig. 2D). There was no change in ﬂuorescence when tetraalanine
was added indicating that YjdL, in contrast to YdgR and YhiP does
not transport tetrapeptides (Fig. 2E). The addition of alanine,
however, prompted signiﬁcant alkalization suggesting in contrast
to previous competition studies [13] that alanine is a substrate of
YjdL. As with YdgR, to investigate whether pyranine would inter-
fere with chain length speciﬁcity, b-Ala-Lys(AMCA) uptake inhi-
bition of alanine, dialanine, trialanine, and tetraalanine by cells
expressing YjdL were performed (Fig. 2A). These results were in
accordance with previously published IC50 values [13,9]. The dis-
crepancy between the competition assay results and the pyranine
assays could be, as for tetraalanine and YdgR, that alanine appar-
ently is not a competitor of b-Ala-Lys(AMCA) but in the absence
of competition appears to be a substrate.
Collectively the data on chain length preferences from this and
previous work on YdgR, YhiP and YjdL suggested that the active
site of YjdL appears to supports a mechanism that is optimized
for dipeptides and to some extent tripeptides but apparently also
single amino acid transport. In contrast YdgR and YhiP are able
to accommodate di- tri- and to a minor extent possibly also
tetrapeptides.
3.4. Dipeptide side chain preferences of YjdL
YjdL transports dipeptides, and the nature of the dipeptide
side chains has some effect on apparent afﬁnity [13,8]. Ala-
Lys is preferred over Lys-Ala, as their respective IC50 values
are 0.3 [13] and 8 mM (Fig. S1). Furthermore the IC50 value of
Ala-Gln is 0.6 mM [9], thus 2-fold of Ala-Lys. The Kd of
Ala-Lys was measured to be 14 lM by isothermal titration
calorimentry [20]. However, unexpectedly it was not possible
to measure binding of Ala-Gln. Consequently, it was speculated
whether Ala-Lys was an actual substrate or an inhibitor with
relative high afﬁnity. The results presented here clearly show
that Ala-Lys and Lys-Ala both are a proton dependent substrate
of YjdL (Figs. 1C and 3A). It can been seen from the pyranine
assay proﬁles for Ala-Lys and Lys-Ala transport that there is a
trend that Ala-Lys induces a larger degree of alkalization and
thus appears to be a better substrate (Fig. 3A). The preference
for Ala-Lys over Lys-Ala of YjdL was investigated further by
saturation kinetic studies showing apparent Km values of
0.07 ± 0.01 and 0.51 ± 0.22 mM for Ala-Lys and Lys-Ala respec-
tively (Fig. 3B). In the case of YdgR the lysine side chain pref-
erence is reversed, as Lys-Ala appears to be a better substrate
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selectivity of YjdL towards carboxy-terminal lysine dipeptides
could be eradicated by changing Asp392 to serine [9]. By far,
most peptide translocating POT members contain a serine at
this position, excluding YbgH, which also contains an aspartate
residue and also appears to have a side chain preference similar
to YjdL [14]. When YjdL-Asp392Ser was tested in the pyranine
assay using dialanine and Ala-Lys, (Fig. 3D) it was observed
that, while the alkalization induced by dialanine and Ala-Lys
clearly differed in WT-YjdL (Fig. 3D), it was similar for YjdL-
Asp392Ser. These results support that Asp392 is involved in
recognition of the C-terminus lysine. Ala-Lys uptake was ob-
served for cells overexpressing YjdL by autoinduction (Fig. S2),however, due to relatively large batch-to-batch variation, this
setup was not used further for assays on YjdL or YbgH.
3.5. YjdL, an E. coli POT with a specialized function
In the E. coli chromosome, yjdL is ﬂanked by the cadaverine op-
eron and a Lys-tRNA gene. Cadaverine is a catabolite and product of
lysine decarboxylation, which is produced and excreted under
acidic conditions as a mechanism of acid resistance [22]. YjdL
and expression of cad operon proteins is increased under acidic
stress [23]. It could therefore be hypothesized that YjdL has a
speciﬁc role in these conditions. Neither lysine nor cadaverine
was detected as proton coupled substrate of YjdL or potent
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564 B.K. Prabhala et al. / FEBS Letters 588 (2014) 560–565competitors in the competition assays (data not shown for lysine)
while on the other hand aminohexanoic acid (an analogue of
lysine) was found to be a substrate for YjdL and YdgR as it mimicks
the dipeptide chain length (Fig. 3E and F). It cannot be ruled out
that lysine and/or cadaverine are proton independent YjdL sub-
strates. However, it can be hypothesized that the function of YjdL
in part, is it to scavenge dipeptides containing a C-terminal lysine
from the bacteria’s natural habitat as a mean to increase the
amount of intracellular lysine.
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